The compensated state of the spontaneously hypertensive rat (SHR) model is characterized by concentric hypertrophy and increased cardiac function (1, 2) . At the cellular level it has been reported that the dimensions and shortening of the left ventricular myocyte increase in this state, whereas the action potential duration and the time course of contraction and relaxation are prolonged (1, 3) . Such changes expose the heart to arrhythmic stimuli (4) .
While regular physical exercise is suggested as a nonpharmacological therapeutic approach to treat hypertension (5-7), its effects on the heart are reversible with detraining (8, 9) . There is evidence at the whole heart level that exercise training provides beneficial adaptations to cardiac contractile function and morphology in hypertensive rats (5) . Nevertheless, to date the effects of exercise training and detraining on the left ventricular single myocyte morphological and mechanical properties of SHR are not known.
Since lifestyle modifications are effective for the prevention, treatment, and control of hypertension with regular exercise being an important component (10) of the cellular mechanisms underlying such phenomena. Therefore, the aim of the present study was to determine the effects of exercise training followed by a period of detraining on the morphological and mechanical properties of single left ventricular myocytes obtained from SHR rats in the compensated state of hypertension.
Material and Methods
Four-month-old male SHR rats were randomly divided into the following groups: sedentary for 8 weeks (SED-8, N = 7), sedentary for 12 weeks (SED-12, N = 7), treadmillrunning trained for 8 weeks (TRA, N = 7), and exercised followed by 4 weeks of detraining (DET, N = 7). Rats were housed in collective cages under an inverted 10-to 14-h light/dark cycle and had free access to water and standard rodent chow. Blood pressure was measured in all animals at the beginning of the protocol and before sacrifice by the indirect tail-cuff method. All experimentation was conducted in accordance with internationally accepted ethical principles concerning the care and use of laboratory animals and was approved by the Animal Care and Use Committee of the Federal University of Viçosa, MG, Brazil (protocol #42/2008).
Animals in the TRA and DET groups were submitted to a progressive exercise training program on a motor-driven treadmill (Insight Equipamentos Científicos, Brazil) for 8 weeks, 5 days/week (Monday to Friday) (adapted from Ref. 11). Briefly, in the 1st week, animals ran at 10 m/min for 15 min/day, 0% grade. Then, treadmill speed and exercise duration were progressively increased up to a setting of 14 m/min for 30 min/day by the end of the 2nd week. During the 3rd week the exercise protocol reached the speed of 16 m/min and the duration of 60 min/day, 0% grade, a schedule that was maintained until week 8. Rats from the DET group underwent training for 8 weeks as described above and then remained sedentary (i.e., "detraining") for 4 weeks. To detrain, the rats were allowed to roam their cages freely under the same conditions as those for the SED groups.
Two days after the last training session, all animals were submitted to a progressive treadmill running test to measure running capacity until fatigue, when the exercise time to fatigue (TTF) was determined as previously described (12) . Briefly, 1 week before the exercise tests until fatigue, the sedentary rats were familiarized with the treadmill by running 5 min for 5 consecutive days (5° slope) at incremental speeds (10, 10, 11, 13, 15 m/min). Then, in the subsequent week every rat was evaluated for running capacity until fatigue. Fatigue was defined and the test was stopped when the rat could no longer keep pace with the treadmill speed.
Two days after the exercise test, animals were sacrificed and left ventricular myocytes were isolated enzymatically as described previously (13) . Briefly, the heart was removed, weighed and mounted on a custom-designed Langendorff system, perfused for 3-5 min with calcium-free solution following perfusion with 1 mg/mL collagenase type II (USA). After 15-20 min of tissue digestion, fragments of the left ventricle were obtained and single cells were isolated by mechanical dispersion and stored at 5°C until use.
Cellular contractility was measured as described previously (13) . Briefly, isolated cells were placed in an experimental chamber with a glass coverslip base mounted on the stage of an inverted microscope. Cells were perfused with HEPES Tyrode's solution containing 1 mM CaCl 2 and field stimulated at the frequency of 1 Hz (20 V, 5 ms duration square pulses). Cells were imaged using an NTSC camera in a partial scanning mode. Cell shortening in response to electrical stimulation was measured with a video-edge detection system at a 240-Hz frame rate (Ionoptix, USA). All parameters were evaluated using customized software developed in the MatLab ® platform (13) . Experiments were performed at room temperature (~25°C). Only calciumtolerant, quiescent, rod-shaped myocytes showing clear cross striations were studied. The cell image was also used to determine cell length and width, which were used to calculate the cell volume (14) and length-to-width ratio. Cell shortening, maximal velocity of shortening and maximal velocity of relengthening were measured in 10 cells per animal in each experimental group. Cell length and width were measured in 497 to 671 cells in the experimental groups.
Data were analyzed by ANOVA according to the following one-way fixed effects model: Y ij = u + Gi + E ij , where Y ij denotes the jth observation (j = 1, 2, …, n i , with n i = number of observations for groups 1 to 4, respectively) of the response variables from the ith (i = 1, 2, 3, 4) group. When the group effect was significant (P < 0.05), means were compared by the Tukey-Kramer test. Data are reported as means ± SEM.
Results
The TTF of TRA animals was longer than that of SED-8 (18.30 ± 1.80 vs 9.70 ± 2.20 min, respectively, P < 0.01). This exercise training adaptation returned to control levels after 4 weeks of detraining.
Blood pressure, body weight (BW), heart weight (HW), and HW to BW ratio, were not statistically different among groups after either exercise training or detraining (Table  1) . However, exercise training increased the length of left ventricular myocytes (3.33%) when compared to sedentary control animals (TRA vs SED-8). Within 4 weeks of detraining the length of myocytes remained larger in exercised animals (DET vs SED-12). Cell width and volume were not affected by either exercise training or detraining. Cell length to width ratio was higher in TRA than in SED-8 animals and was maintained after the detraining period (Table 1) .
Exercise training did not affect cell shortening (reported as % resting cell length), which was unchanged after the detraining period ( Figure 1A) . Nevertheless, TRA animal cells exhibited higher maximum velocity of shortening than SED-8 animals (24%; Figure 1B ). This adaptation was reversed almost completely within 4 weeks of detraining.
In addition, the maximum velocity of relengthening was higher in TRA than in SED-8 animal cells (26%; Figure  1C ). This change was reversed to sedentary values after 4 weeks of detraining. 
Discussion
Our chronic treadmill running protocol increased the running capacity (TTF) of SHR, which returned to control levels after detraining. Despite no effect of exercise training at the whole heart level (unchanged HW:BW ratio), at the cellular level our data showed longer myocytes in the myocardium of SHR animals that exercised on a treadmill for 8 weeks and that 4 weeks of detraining did not abolish such exercise adaptation. This training-induced elongation of left ventricular myocytes together with the increased cell lengthto-width ratio indicates that in the compensated phase of the SHR model myocardium remodeling in response to exercise training occurs towards eccentric hypertrophy. An increase (~3.5%) in the circumferential dimension of an elliptical chamber resulting from a 3.5% increase in myocyte length would result in an increase in chamber volume of at least 7% (15) . This type of geometric alteration would have important consequences for the cardiac function of these animals. For example, it would be accompanied by a smaller increase in end-diastolic myocardial wall stress and by an increased stroke volume inasmuch as a larger chamber would result in a greater end-diastolic volume. Nevertheless, the increase in cell length did not affect the HW:BW ratio of TRA. It is possible that a 3.5% increase in cell length does not significantly affect the heart weight of the exercised animals.
We also observed that exercised SHR animals exhibited faster cell shortening and relaxation than sedentary rats and that this adaptation regressed to control values within 4 weeks of detraining. Cardiac myocyte shortening kinetics is known to be regulated by calcium-regulatory proteins, contractile protein isoforms and action potential waveform and duration (16) . Although we did not test these mechanisms, the increase in the expression of calciumregulatory proteins such as sarcoplasmic reticulum ATPase, phospholamban and ryanodine receptors in response to exercise training has been reported in hypertensive rat cardiac muscle (17, 18) . Exercise training has also been shown to induce a shift in ventricular isomyosin towards V1 (higher ATPase and contractile activity compared to V3 isomyosin) in hypertensive rats (19) . The effects of exercise training on the action potential waveform and duration of left ventricular myocytes in hypertensive rats remain to be investigated. These cell time course adaptations to exercise training would also have an important effect on cardiac function. For example, a faster cell relengthening increases end-diastolic volume as a result of a prolonged diastolic filling time. Whether these exercise training effects on single cardiac myocyte time course of contraction and relaxation will affect the susceptibility of SHR heart to arrhythmic stimuli warrants further investigations.
The present study provides the first observations regarding the effects of aerobic exercise training and detraining on morphological and mechanical properties of single left ventricular myocytes obtained from hypertensive rats. Our findings give support to the improvement of left ventricular performance demonstrated in exercised SHR isolated heart (5, 17, 19) . Although we did not measure cardiac function in the present study, the morphological and mechanical cellular adaptations reported here may contribute to our understanding of the mechanisms underlying the benefits of exercise training on the cardiac function of SHR (i.e., improved left ventricular performance).
We also showed that some cardiac myocyte adaptations to exercise training are lost within 4 weeks of detraining, suggesting that lifestyle modifications towards an active life (i.e., regular exercise) help maintain the benefits of exercise for hypertensive subjects.
Finally, our exercise training protocol did not reduce the blood pressure of TRA animals. While some studies reported reduced blood pressure of SHR in response to exercise training (e.g., Ref. 12), no change was observed by others (e.g., Ref. 20) . Perhaps 8 weeks of exercise training was not a long enough period of time to promote a statistically significant reduction in resting blood pressure.
We showed here that exercise training affects left ventricular remodeling in the SHR model towards eccentric hypertrophy, which remain persisted for a 4-week detraining period. Exercise training also improves single left ventricular myocyte contractile function, which was reversed after detraining.
